


Environ Sei Techno1 2000. 34,3737-3741 

Experimental Study of Uranyl 
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Uranyl adsorption onto the Gram-posmve soil bacterium 
Bacillus subrihs was measured using batch experiments in 
0 1 M NaC10, as a function of pH, m e ,  and solid solute 
ratio at 25 "C The experimental data were interpreted using 
a surface complexation approach The experimental 
measurements constrain the stoichiometry and thermo- 
dynamic stabillhes of the important uranyl-surface complexes 
The U adsorption data require two separate adsorption 
reactions, wlth the uranyl ion forming surface complexes 
with the neutral phosphate functional groups and the 
deprotonated carboxyl functional groups of the bacterial 
cell wall R-POHO + UO$+ - R-POH-U022+ (log K = 
1 1  8 f 0 2) and R-COO- + UOz*+ - R-COO-U02+ (log 
K= 5 4 f 0 2) These new stability constants, in conjunction 
wtth other expenmental and predicted stabilrty constants, 
may be incorporated in surface complexabon models to 
determine the mobillty and fate of U in bacteria-bearing 
water-rock systems 

lntrodnctiaa 
The release and subsequent transport of uranium and other 
radionuclides in near-surface geolog~cal systems has focused 
research on developing accurate and versatile predictive 
tools for determining the fate of uranium in water-rock 
systems The mobility of uranium in low-temperature 
water-rock systems is controlled by the solubllity of sec- 
ondary uranium mineral phases (I, 21, the sorption of 
uranium to inorganic and biolo(pcal substrates (3-3, the 
redox chemistry of uranium (6-91, and the tendency of 
uranium to form stable aqueous complexes (6) Significant 
efforts have been made to develop a thermodynamic database 
that can accuratdy descnbe the aqueous geochemistry of 
uranium in these systems (6, IO, II) 

Cell densitles of loS-109 cellslg of sod or aquifer matenal 
have been reported, potentially representlng a significant 
propomon of reactive surface area exposed to fluid (12.13) 
If not attached to the aquifer substrate but entramed in the 
fluid flow, the colloidal sue of bactenal cells may lead to 
enhanced transport of aqueous metal cation contaminants 
(such as U022+) through adsorption reactions (14) However, 
wthout a theoretical framework to quantlfy the interactlons 
between microorganisms and uranium (and other radio- 
nuclides), it remans difficult to incorporate uranium- 
bactena interactions into current contaminant <fansport 
models 

Bactenal sorpuon may affect the fate of uranium rn many 
near-surface enwonments Laboratory and field stu&es have 
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demonstrated that microbes have the ability to facilitate the 
removal of uranium from the aqueous phase through the 
sorpuon of U(VI) to bactenal cell walls (5, 1 3 ,  through the 
biologcal reduction of U(W) (7-9, and through enzymatic 
producuon or nucleation of U mineral precipitates (16, 17) 
The hgh affinity of bactena for U and other radionuclides 
has led to a number a studies that measure the binding 
capaaty of a particular microorganism under a unique set 
of expenmental conditions (for a thorough rewew of these 
studies, see ref 5) Many researchers have investigated 
u m u m  sorption onto microbial cell wall surfaces For 
example, studies by Friis and Myers-Keith (18) and Cotoras 
et al (19) quantified the abdity of Streptomyces longwoodensis 
andMicrococcus to bind U through the use of system-specific 
bindmg constants or chemical equilibria modeling In each 
ofthesestudm, however, a site-specific surface complexation 
approach was not invoked, therefore, the expenmental results 
cannot be used to estimate the effect that changes in pH or 
other aqueous chemistry would have on adsorption Each of 
these studies has helped to demonstrate that bacteria are 
ldcely to play a significaiit role in the transport and fate of 
U in the subsurface However, none of them enable quan- 
tltatlvepredictlons of the extent of U adsorption onto bactenal 
cell walls under conditions not directly studied in the 
laboratory Toward this end, we investigated the sorption of 
U by the Gram-positive soil bacterium Bacillus subtzlrs This 
bactenum was selected for this study because its cell wall 
propertm have been well-charactenzed through micro- 
biologcal and biochemical assays (20, 21) and its surface 
and aadlbase properties have been prewously described by 
our lab (22-24) Utillzing B subtilts in our experiments is 
also an enwonmentally relevant choice because this species 
ffiacommon soil microorganism that has been isolated from 
uranium mme settings and has demonstrated a strong ability 
to bind U (25) 

Our oblective is to test whether the site-specific surface 
complexation model (SCM) of Fein et al (22) can be used to 
quantlfyu adsorption onto B subtilis The SCM for B subtills 
descnbes specific adsorption reactions between the func- 
bond groups of the bactenal cell wall and the species in 
solutlon through mass action laws that are governed by 
thennodynamic stability constants The bacterial surface 
depmtonatron reactions for the carboxyl, phosphate, and 
hydroxyl functional groups are charactenzed by the followng 
reamons (22) 

R-COO-Ho R-COO- + H+ pKa = 4 82 (1) 

R-PO-Ho * R-PO- + H+ pKa = 6 9 (2) 

R-O-Ho R-O- + H' pK, = 9 4 (3)  

where R represents the bactenum to which each functional 
groupu attached The site densities and surface area utilized 
for thls model have been determined by Fein et al (22) 
Depmtonatlon of the cell wall functional groups creates 
neganvely charged surface sites for metal adsorption ac- 
cordmg to the general reaction (written for a genenc surface 
funmonal group, A) 

Mm+ + R-A- - R-A-M[m-') (4)  

The deprotonation also leads to the development of a 
negative elecmcal potentlal associated wth the bactenal cell 
wall This potential in turn affects the interactions of ions 
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wth the bactenal surface sites We can account for these 
effects on surface aa&ty constants and metal stabllity 
constants through the following relationship 

(5) 

where Ai! IS the change in the charge of the surface species 
for the reaction under consideraaon, F and R are Faraday's 
constant and the gas constant, respectively; T is absolute 
temperature, Khmiralc represents the equllibnwn constant 
referenced to zero surface charge, and tp,, is the elecmc field 
potential of the bactenal surface (2s) We relate the surface 
electncal potenaal to surface charge (0) by a constant 
capaatance double-layer model 

where CIS thecapaatanceoftheB subhlrrsurface (8 0 Flmz) 
(19) With this approach, eqdibnum constant values can be 
used to quantitaavelypredict the extent of proton and metal 
adsorpaon onto specific bactenal surface sites over a wde 
range of pH, metal concentranon, and surface site concen- 
trahon condiaons (22, 23, 27) The approach can also 
successfully account for competltive adsorption (metal 
cahons) effects (281, for the competiaon between aqueous 
organic acids, and for the bactenal surface for avatlable metal 
cations (29) 

In th~s study, we document the adsorpaon of U onto the 
Gram-positive bactenum B subnfrs, and we invoke a site- 
speclfic SCM to model these interamons This study provldes 
insights in the pH dependence, reversibllity, and kmetics of 
U-B subnfrs adsorpaon reactions 

I 

Experimental Procedures 
The bactenal spmes B subtzfrs was prepared and cultured 
followng the procedure outlmed in Fein et al (22) and Fowle 
and Fem (24 Integrity of the cell walls after the wash 
procedure was momtored usmg microscopy and Molecular 
Probes-LNEIDEAD m g h t  bactenal vlabllity lut All solu- 
nons in this study were prepared wth distilled, deionized 
(18 MQ) water Pnor to each expenment, the bactena were 
pelleted by centnfugation at 7500 rpm for 60 min The mass 
of the pellet was measured in order to determine the 
concentration of surface functional groups in each experi- 
ment Note that the weight of bactena used in each 
expenment is not reported as a dned weight but as a weight 
after centrlfugation 

The sorption of U by B subtrllswas stuhed in 0 1 M NaC104 
electrolyte soluaons Batch expenments were conducted at 
25 f 1 "C as a funmon of pH, solidlsolute ratio, and 
equdibratlon m e  Bactena were suspended in 0 1 M NaC104 
electrolyte, and lo00 ppm aqueous U standard was added 
to the bactena-electrolyte solutlon to create a homogeneous 
parent soluaon of known bactenal(0 5 ,10 ,  or 1 5 glL) and 
U concentraaons (0 084 mM) Ahquots of the parent solution 
were transferred to the reamon vessels (aad-washed polypro- 
pylene), and the pH of the suspension in each vessel was 
adjusted to the deslred pH value using small volumes (less 
than 1% of total expenmental volume) ofstandardmd HNO, 
or NaOH The pH interval of 1 5-5 0 was chosen to focus the 
study on U02+ adsorption At higher pH values, hydroxyl 
and carbonate complexaaon of U O P  complicates the 
aqueous and surface U speciaaon (the positively charged 
hydrolysis products and carbonate complexes may adsorb) 
and was beyond the scope of this mihal study The reaction 
vessels were placed on d rotaang rack that provlded gentle 
(10 rpm) end-over-end agtation The equhbnum pH was 
recorded, and the suspension was filtered through a 0 1 -urn 
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sylon filter The filtrate was acidified and analyzed for U 
content by ICP-AES (wth an analytical uncertanty of &2%) 
The bactena do not lyse, sporolate, or mulnply d u n g  our 
expenments, therefore, cell concentrahons or surface area 
changes do not affect our results Control expenments 
followed the expenmental procedure wthout the presence 
of bactena 

Desorption experiments were conducted to determine 
the reversibility of U-bacteria adsorption reachons A 
homogeneous parent solution of bactena + U + elect 'dlyte 
was adjusted to pH 5 0 (a pH at which nearly all of the U was 
adsorbed onto the bacterial as descnbed above Aliquots 
from this parent solution were taken and adjusted to 
sequentially lower pH values (4 8- 1 8) after 2 h of adsorption 
contact nme The reaction vessels equilibrated at the new 
pH values for 2 hand were sampled for U content as descnbed 
above 

Results and Discussion 
The cell walls of B subtills display a strong affinity for U 
(Figure 1) The control expenments revealed a minor pH- 
dependent systematic loss (1-101) of U from pH 1 5 to pH 
5 0, likely caused either by adsorption of U0z2+ onto the 
reaction vessels or by the formation of a uranium precipitate 
All of our data were adjusted by fitting a linear regression to 
the control data to correct for this loss The adjusted data is 
depicted in Figures 1 and 3 The concentration of U bound 
to the bacterium is strongly dependent on the solid solute 
ratio and the solution pH Adsorption increases wth in- 
creasing pH and solid solute ratio, presumably due to the 
deprotonation of cell wall functional groups and the in- 
creasing number of surface reactive sites The adsorption of 
U reaches equilibrium wthin 30 min and remains invanant 
through at least 24 h A maxlmum U adsorption of 90% was 
observed at pH 4 9 (1 5 g of bactenall), and the minimum 
adsorption of U of 12% was observed at pH 1 7  (05 g of 
bactenall) Remarkably, up to nearly 60% of the aqueous U 
(1 5 g of bactenall) was adsorbed at solution pH values less 
than 2, conditions at which wrtually all surface sites are fully 
protonated and neutrally charged This is in marked contrast 
to the adsorption behamor of other cations onto B subtilrs, 
which exhibit onlysmall or negligble adsorption under such 
low pH conditions (22, 23, 28) Desorption expenments 
(Figure IC), conducted at 1 5 g of bacteria& are in excellent 
agreement wth adsorption expenments, indicating that the 
adsorption of U IS both rapid and reversible Furthermore, 
the rapid lanetics and reversibility of IJ binding in conjuncnon 
wth TEM images of B subtrlls, which demonstrate that U 
binds to the outside of the cell (301, strongly suggest that the 
loss of U from the aqueous phase in these undersatuated 
systems is through adsorption to the organic functional 
groups of the bacterial cell wall 

The expenmental data were used to calculate stability 
constants for the U-functional group adsorption reactions 
We use the program FITEQL 3 1 (31) to compare models 
involvlng different U adsorphon reaction stoichiometnes and 
to determine the model that most accurately descnbes OUT 
data Figure 2 illustrates the aqueous speciation of U under 
the experimental conditions Because of the predominance 
of UOz2+ over the pH range studied, it is most likely that 
UOz2+ is responsible for the U uptake under the expenmental 
conditions We choose to model the system using the 
followng reaction stoichiometry 

1 

where A represents either a rarboxyl, a phosphate, or a 
hydroxyl surface functional group, and x can equal either 0 
or 1 We test all possible adsorptiop site stoichiometries and 
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IGURE 1 (a) Percent rrdtorpbon of U by B w&hs as a funchon 
I f  pi EXpenmeRtr were conducted in a1 NaCIO, wctk lo-- M U 
ind W (M 10, or 15 Q of bactenaA (b) Percent adsorption of 
J by B whhssr a funchon of $ma EXpenmsnts conducted 
n 0 1 NaCl[k at pH 1 0  wctk lo-- M U and with 0.5 Q of bactenaA 
c) Tha percent of totat U associated with the ItaWmal surface 
after adsomon (squarer) and derorptlon (circles) 8s a funetlon of 
pH in (Ll 1111 NaCTO, wrth a total system concMltrilboa of 1W M 
U and a bacterial concrntrmon of 1.5 gA. Desorption began after 
a 2-h penodofadsoqmon at pH 5.0 pH wwtben lowuedto bstwseA 
2 and 5. 

solve for stability constants for eat$qroposed stoichiometry, 
as defined by 

where a represents aqueous actlMty and the brackets 
represent surface site concentratlons m moles per kilo- 

[ 

90 

80 

70 

20 

IO 

1 4 

PH 
FIGURE 2. Calculated aqueous speciation of U at 25 "C and 1 bar 
wllh aqueous concentrations of lo-" M U, M COdaq), and 
0 1 M NaCIO, as function of pH 

TABLE 1 U(VI) Aqueous Phase Reitcbons 

reaction 
log K 

(\= O D  25°C) 

gram of soluhon The calculation of the stability constants 
for the surface complexation reactions uses the equllibrium 
constants from Fein et al (22) for the acidlbase properties 
of B subtils and those of Wolery (32) for aqueous reactions 
in the Na-C10~-N03-Hz0 system The values and sources 
of the formaoon constants for the various uranium aqueous 
species used in this study are listed in Table 1 

The misfit of each model is quantified using the V(Y) 
vanance function in FITEQL 

where Y& and Yexp are the calculated and the expenmental 
data, + is the error associated wth the expenmental data 
(default FITEQL 3 1 value), np is the number of data, n11 is 
the number of group I1 components (total and free con- 
centraaons are known), nu is the number of adjustable 
parameters, and V(Y) IS the vanance in Y The V(Y) value 
prowdes a quanntative measure of the goodness of  fit of 
each model, and we use this parameter to determine the 
best-fitting model 

Adsorption of U022+ onto deprotonated carboxyl sites 
is the only mechamsm that can reasonably explam the 
pH dependence of adsorpaon that we observed between 
approxmately pH 2 5 and pH 5 0 Models lnvolvlng ad- 
sorption of U&*+ onto deprotonated phosphate or hydroxyl 
sltes offer poor fits to the pH-dependent adsorptlon behawor 
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1 5 g of bacteria/L R-COOH-U02+ 
R-COO-U02+ 
R -P04H -U02'+ 
R-COO - UOz+ 
R-OH-U0z2+ 
R-COO-UOz+ 

R-COO-UOz+ 
R-P04H-UOz2+ 
R-COO-UOz+ 
R-OH-UOP 

1 0 g of bactena/l R-COOH-UOP 

9 04 3 823 
5 71 
11 88 1994 
5432 
14 08 2334 
550 
8 93 4 31 
558 
11 76 6 186 
5 36 
DNCe DNC. 

R-COO-UOz+ 
0 5 g of bacteria/L R-COOH-U022+ 8 36 24 97 

R-COO-UOz+ 5 53 
R-P04H-UOz2+ 11 83 27 88 
R-COO-U02+ 5 303 
R-OH-U022+ 13 23 28 38 
R-COO-UOz+ 5 439 

R-COO-UOz+ 
best-fitting modeld R-P04H-UOz2+ 11 8 f 0 2 

5 4 f 0 2 

Models constder formation of surfece complexes due to adsorption 
of U02z+ontothecarboxyl, phosphate, and hydroxyl surhcesites Log 
Kvalues are referenced to zero surfaca charge at 25 OC Vsrtance as 
calculated bv FKEQL dCholce of best fining modd is based upon 
ffi of weighted average log Kvalues and overall vanonce as cakulated 
by FITEQL DNC, dtd not oonverge 

In additlon, models that included mula-dentate uranyl 
surface species resulted m a poor fit to the expenmental 
data and are not considered fiuther However, the pH- 
dependent adsorptlon behamor 1s inconsistent wlth the 
adsorptlon observed under low pH conditions, where we 
observe pH-independent adsorpaon, the extent of which 
appears to be directly related to the amount of bacteria in 
the system This pH-mdependent behawor reqm an 
adsorpaon species whose concentraaon does not vary over 
at least the pH range of 1 5-2 5 Under these condmons, 
each surface funcoonal group type is wtually M y  proto- 
nated, wth negheble changes m concentration over dus 
pH mtenml Therefore, we test each possible combmaon, 
wth each tested model couplmg UG2+ adsorpoon onto 
deprotonated carboxyl sites wlth adsorptlon of U022+ onto 
either a protonated carboxyi, phosphate, or hydroxyl site 
The results of these calculatzons, for each model and bactena 
concentratlon, are complled in Table 2 

The results ui Table 2 demonstrate that the best-fittmg 
model is the one involvlng low pH adsorphon onto proto- 
nated phosphate sites Several hnes of emdence support this 
conclusion (I) for each set of bactenal concentratlon data, 
this model ylelds a good fit to the data, as demonstrated by 
low V(Y) values, (11) this model ylelds the smallest vanatlons 
in the calculated log Kvalues for each surface complex be- 
tween bactenal concentraaon data sets, (w) mdependent 
31P N M R  measurements have demonstrated that U02*+ 
binding to phosphate sites of Mywbactenum smegmutls 
occurs at pH values as lowas 1 0 (W, and (iv) metal complexes 
wth protonated phosphate hgands are well documented (34, 
3% whereas protonated metal-carboxylate complexes are 
unllkely to possess the large stabhty constants constramed 
in th~ study Each data set ylelds a best-fittmg stabllity 
constant value for the two surface species, and we calculate 
the weighted average stabhty constant values from the three 
data sets, yeldmg a smgle value for each equhbnum constant 
that together provide the best-fittmg model to all of the data 
For U O P  adsorption onto protonated phosphate sites (&, 
wth A represenmg a phosphate site, and x = 1). the best- 
fittmg value of log KIS 11 8 f 0 2 For UOz2+ adsorpaon onto 
deprotonated carboxyl sites (Km, wth A represenmg a 
carboxyl site, and x = O), log K is 5 4 f 0 2 
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FIGURE 3 U adsorption onto 6 subrdrs as a function of pH The 
cuwes represent the best-fitting surface complexation model for 
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FIGURE 4 Correlation diagram relating metal-carboxyl site (on 
8 subtrlrs cell wall) log stability constants to the aqueous metal- 
oxalate log stability constants The linear correlation coefficient 
IS shown for the relationship 

Figure 3 depicts the experimental data and model 
predictions for the adsorption of U onto B subtills at the 
three different bacteria concentrations Each curve is in 
excellent agreement wth its corresponding data from pH 
1 5 to pH 2 0 Above pH 2 0, the experimental data are slightly 
overpredicted by the model for the 1 5 g of bactenalLsystem 
and underpredicted for the other bacterial concentrations 
However, these discrepancies are minor and wthin the 
uncertainties for the stability constants Therefore, we 
conclude that these two adsorption stoichiornetnes, wth 
the two calculated stability constant values, can accurately 
account for both the pH dependence and the solid solute 
ratio dependences of adsorption 

Although only a limited number of metal-bactena 
adsorption reacbons have been studied to date, recent work 
(22,23) suggests that metal-carboxyl stability constants can 
be estimated wth reasonable accuracy, using a linear free 
energy approach (36) We can use the results of this study 
to place addinonal constrants on these relationships Figure 
4 shows the relationship between aqueous metal-oxalate 
stabhty constants and those determined for metal adsorption 
onto deprotonated carboxyl sites on B subtills The data are 
from Feiii et al (22) for Al, Pb, Cd, and Cu, from Fowle and 
Fein (28) for Ca, and from this study for U02*+ Fein et a l  



(22' detemuned a sndar correlaQon between B subfills 
stabllity constants and those mvolvmg mon However, an 
accurate aqueous U022+-ttron stabhty constant value has 
not been measured, and so we cannot further constram this 
relatxonship wth our new data Stabdity constants used for 
metal-oxalate complexation are those descnbed m Martell 
and Smth (34,35) The values were adjusted (d necessary) 
tozem iomc strengthusmgthe Debye-Htickelequatlonwth 
parameters from Hegleson et al (37) Figure 4 flustrates an 
excellent correlatlon between aqueous and bactenal surface 
metal-orgamccomplexatxon, mdrcatmgthat metal-bactena 
surface carboxyl complexes may include part~al bonding 
conmbutlons from more than one carboxyl oxygen consid- 
enng the strong correlatlon wlth metal chelating hgand 
oxalate The h e a r  correlatlon coefficient is 0 953, a high 
value especially given theuncertlnues m the metal-organic 
stabllity constants, the metal-carboxyl stabhty constants, 
and uncertlntles 111 applymg the Debye-Hlckel equation 
to relatively h ~ g h  ionic strengths and to dr- and especially 
tnvalent ions T ~ I S  stnlung relatlonship appears to be robust, 
and the mclusion of the new Ca and UOzz+ data enables us 
to extend the range of the linear free energy relatlonship by 
an order of magnitude Metal-bactena adsorptlon behavlor 
can now be estunated for a much wider range of metals 

Bactenal adsorptlon may sign~ficantly affect the dstnbu- 
tion and, hence, mobllity of uranium in groundwater systems 
Our results offer a first step toward quantlfylngthe speclation 
ofU m bactena-beanngsystems The study of metal-bactena 
adsorptlon is m its mfancy, and many more mteractxons must 
be quantlfied before surface complexatlon models of realistic 
systems are possible However, it 1s the vast range of systems 
that are of geologrc and enwonmental interest that makes 
the surface complexaaon approach so powerful To apply a 
surface complexatlon approach, a large number of isolated 
stabhty constants must be determined. either by direct 
measurement or by estimation techruques, but there is no 
other technique that velds quanutatwe estunatlons of metal 
dsmbutlons over a broad range of near-surface geologml 
conditlons 
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